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Nomenclature

Introduction
The demand for energy continually increases but the supply of affordable and reliable electricity to meet the needs of the growing population is lacking in many developing nations such as Nigeria. For example, Nigeria has a population of over 170 million but generates a meagre peak of 6GW of electricity, whereas Brazil with a population of about 190 million generates over 200GW of electricity, Abdul-Malik et al. (2009) . To meet the growing demand while protecting the environment from the effects of greenhouse gas emissions, electricity is being generated from renewable sources such as sun, through the use of solar cells, and wind, through the use of wind turbines.
The horizontal axis wind turbines (HAWT) are well established for the commercial generation of electricity, partly due to many years of research and development that they have enjoyed. Vertical axis wind turbines (VAWT) are currently the subject of research due to some advantages they appear to have over the HAWT. For example, the Darrieus VAWT is a simple design with two or three fixed symmetrical blades, operates at lower tip speed ratios, and does not requiring any yaw control, while the geometry of the HAWT rotor blade is more complex with blades that twist and taper and often require a yaw mechanism (Klimas, 1982) . Lower tip speed ratios mean that there is a potential for the VAWT to have lower noise than a HAWT. However, the advantage enjoyed by the VAWT's simple geometry is limited by the complex aerodynamics and lack of self-starting ability. VAWT aerodynamics are non-liner and highly unsteady, (Beri and Yao, 2011) , due to the large changes in angle of the attack as the VAWT blades rotates which results in complex structural dynamics caused by fluid structure interactions.
Related Literature
Templin (1974) and Sheldahl et al, (1974) defined VAWT solidity as expressed in Equation
(1) and this solidity can be changed by altering the number of blades, the blade chord or the rotor radius. Templin (1974) used single stream tube momentum model to study the effects of solidity within a range of = 0.05 to 0.5, on the performance of VAWT by changing the number of blades.
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(1) Mays and Holmes (1979) also used a momentum model to study the effects of high solidity, = 0.75, on the performance of vertical axis windmill. The results of May and Holmes (1979) investigation complemented the works of Templin (1974) . The trends of the performance curves of the two studies were similar when compared by Kirke (1980) . Consul et al. (2009) Recently, Howell et al. (2010) experimentally compared the performance of small wind tunnel scaled two-and three-bladed VAWTs and affirmed that the two bladed VAWT attained a higher C p at a higher tip speed ratio, while the three-bladed VAWT attained lower C p at lower tip speed ratio. The results of Howell et al (2010) investigation contradict the revelation of the earlier studies probably due to differences in the investigative methods employed. Although, a two bladed VAWT was not tested, Raciti Castelli et al. (2012) in their study, in which three-, four-and fivebladed VAWT of NACA0015 profile were compared using CFD, it was shown that the three-bladed VAWT performed better than the other configurations tested. Considering the investigations of Raciti Castelli et al. (2012) and Howell et al. (2010) , there is no economic justification to increase the number of VAWT blades beyond three. A summary of the previous research is presented in Table 1 and all investigations showed that turbine solidity has a large effect on the performance of a turbine. Templin (1974) One (Table 1) . This paper seeks to experimentally investigate the influence of solidity on performance and flow field aerodynamics of VAWT by altering the blade chord as well as to understand the aerodynamic causes of the changes in turbine performance. The aim shall be achieved through the following primary objectives:
Author Configuration Tested
VAWT scale
Method of investigation
Compared data
i. Experimental measurements to determine the power coefficients of the two VAWT configurations at three wind speeds and at a range of tip speed ratios ( ).
ii. PIV visualisation measurements of the flow fields around the blades of the turbines at = 2.5 and 3, and at the same Reynolds number.
Methods
The experiments were conducted in the University of Measurements for rotor performance data were logged ( A Dantec Dynamics 2D PIV system was used for all the PIV visualization tests in this study.
The system has a Litron Nano-S-65 Nd:YAG laser that emitted light at a maximum energy of 65mJ
per pulse and wavelength of 520nm. A 4 megapixel (CCD) camera was used to capture the images. A TSI 9306A Six Jet Atomiser generated the tracer particles from olive oil that had an approximate size of 2 m in diameter. To synchronize the image acquisition with the moving blade, the camera was triggered using the signal from the optical encoder's 1 pulse per revolution channel. The trigger point was manually set together with the camera position.
Power coefficient measurements
The performance of the turbines was measured using the so-called 'spin down' method developed in Sheffield by . The method involves the spinning down of the rotor from a high rotational speed, while the angular velocity is monitored through the optical encoder and the instantaneous deceleration  computed by Equation (2).
For each test wind speed, the rotor is spun twice to determine the performance of the VAWT.
The first spinning down of the rotor is aimed at determining the resistive torque of the rig. The resistive torque T res is determined by spinning the rotor down without the blades attached to measure the system resistance caused by the mechanical friction, bearings and the support drag of the support arms. Since the blades are not attached to the rotor during the resistive torque tests, the application of brake is not necessary irrespective of the wind speed the test was conducted, because no positive torque is generated. The T res is computed after the test by using Equation (3).
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The second spin down test is carried out with the blades attached and allows the determination of the performance of the VAWT based on the blade torque. An additional (and known)
braking force was necessary to force the turbine to decelerate (spin down) at wind speeds of 7m/s and 8m/s. The aerodynamic torque generated by the blades, T B, is computed using Equation (4), where the applied torque, T app = 0 for cases in which brake power was not applied. Other details of the development and verification of the spin down method are found in Danao (2012) .
The power coefficient of the VAWT based on the blade torque was computed using Equation (5) after determining the T B from the spin-down tests. The determined VAWT power coefficient C p of the two configurations at the three wind speeds is presented and discussed in section 3.1.
Flow field visualization measurements
Fujisawa and Shibuya (2001) The accuracy with which the tracer particles follow fluid stream was determined by estimating the settling velocity of the particles in relation to the fluid motion through Equation (6).
The particle settling velocity was estimated to be 0.0001m/s which is negligible when compared to the 6m/s wind speeds at which the PIV tests were conducted, signifying that the particles would follow the fluid motion faithfully without significantly deviating from the fluid streamlines even during periods of rapid changes in flow direction as a result of flow separation.
The rotor blade surfaces were treated to reduce the levels of laser light reflection after proper alignment of the laser sheet source and the camera so as to prevent damage of the camera and reduce measurements errors. After blade treatment, a number of verification test were carried out (including laser sheet thickness, height of laser sheet with respect to blade position, seeding concentration, laser power, time between pulses and number of images) were carried out to select appropriate test conditions for the main experiments.
Flow seeding was carried out by running the wind tunnel fan and introducing the particles upstream, essentially seeding the entire laboratory housing the wind tunnel. This was found to be the most effective way to achieve adequate seeding concentration and a uniform distribution. The laser was mounted on an elevated and movable platform outside the wind tunnel. The position of the laser sheet plane was approximately midway between the support arm and the blade end. This was selected based on the setting verifications and is within the region that resulted in 2D flow for comparison to CFD results.
Wind velocity measurements
The measurement of wind speed was carried out using a constant temperature hotwire anemometer (probe model: Dantec Type 55 P16). The hotwire was positioned 0.6m from the bottom wall, 0.5m from the right wall, and 0.4m downstream of the test section inlet. It was calibrated using a Furness Controls FCO510 micro-manometer with an accuracy of 0.25% between 10% (20Pa) and 100% (200Pa) of the reading scale. A Pitot-static probe was connected to the micro-manometer and mounted 0.1m to the left and 0.1m down of the hotwire position. Hotwire measurements were performed across the entire tunnel cross sectional area up to 0.1m from the tunnel walls and the variations in the readings between different positions were within the measurement variation of one position. The reference velocities for the hotwire calibration were derived from the Pitot probe and the local atmospheric conditions where measured using a digital thermometer and a mercury barometer where measurements were taken at the start of each series of tests. The entire calibration procedure was conducted within 10 minutes of the ambient temperature and pressure measurements to keep the calibration data within similar conditions.
The tunnel fan was run at various constant speeds and at each fan speed, the flow was allowed to settle before any measurements were made. The wind speeds tested covering a range of approximately 3m/s up to 10m/s. For each wind speed, both differential pressure readings from the micro-manometer and voltage readings from the hotwire were recorded for 30s. The highest logging frequency of the micro-manometer was set to 1Hz for all the tests. The hotwire logging frequency was tested at frequencies of 100Hz, 1000Hz, and 10,000Hz. The final logging frequency was set to 100Hz
which was determined to be adequate to capture any unsteadiness in the flow velocity. During each test, the first 5 seconds of manometer data was discarded. The average of the last 25s of the manometer data and the 30s of the hotwire data were used in computing the coefficients of King's Law equation (Equation 7) using a simple least-squares curve fitting method as shown in Figure 2c . With a turbulence grid in place at the start of the test section, it was necessary to find the level of turbulence of the flow at the VAWT position since a decay in turbulence intensity will occur between these two points. The hotwire was traversed downstream in increments of 0.2m from its initial position up to near the upstream most position of the VAWT blades at 1.4m from the test section inlet. Figure 3 shows a plot of the measured turbulence intensity at the measurement positions.
At the location of the VAWT, the turbulence intensity has dropped to a value of around 1%. 
Experimental error analysis
The air temperature in the wind tunnel was measured using a digital thermometer. The precision of the thermometer was 0.1°C. The ambient air pressure was also measured using a mercury barometer with a precision of 0.05mmHg. It is necessary to measure both the air temperature and pressure to be able to derive the ambient air density. At standard conditions of 15°C and 101,325Pa, an error in temperature of ±0.1°C and in pressure of ±0.05mmHg results in a maximum error in air density of about ±0.04%. This maximum error is considered to be negligible.
Flow velocity is not measured directly but derived from multiple measurements of the dynamic pressure of the flow in the tunnel and the calibration of a hotwire anemometer which was performed at the start of every test day. Dynamic pressure was read using the micro-manometer which had a precision of 0.01Pa. The flow velocity is derived from the air density and dynamic pressure measurements. The greatest errors in the computation are expected in the lowest velocity region where the accuracy of the pressure readings is just an order of magnitude smaller than the measured values. The maximum error observed is ±0.085%. When velocities close to the VAWT operating condition of 7m/s are considered, the maximum error is ±0.017%. Similarly, these errors are taken to be negligible.
Errors in flow velocity estimation usually have significant effects on the computed wind power because the relationship is cubic. Despite this, the maximum computed error in wind power is only ±0.06% assuming a rounded-up error of ±0.02% at 7m/s.
When considering flow velocity measurements using the hotwire, a Least Squares fit was utilized to determine the constant coefficients of the King's Power Law relating the hotwire voltage readings to the velocity values derived from the differential pressure readings. Ideally the standard error of both voltage and wind speed should be taken into account. However, the data acquisitions board NI PCI-6220 is a 16-bit DAQ resulting in a negligible precision error. This simplifies the error analysis to inaccuracies in wind speed estimates. With a computed error of less than ±0.5% for wind speed estimates from differential pressure readings, the standard error for the flow velocity estimates using the hotwire was calculated to be ±0.05m/s. This resulted in a maximum error in the wind power computations of about ±2.15%. Since all measurements required high frequencies of data logging that the micro-manometer is incapable of doing, the hotwire data is taken as the velocity data for all measurements. As such, the errors taken are the hotwire measurement errors.
Accurate measurement of the torque is important when the hysteresis brake is used. From the calibration of the torque sensor, the observed maximum error is ±0.01N·m. The maximum in blade power error due to errors in applied brake readings is ±4.8%.
The propagation of all errors in measured and derived variables have a significant effect on the overall estimation of the power coefficient C p . The major factors that influence the outcome of C p calculations are the measurements in the applied brake (influencing T B ) and the derived flow velocities U from hotwire voltage readings. These introduce a ±2.15% error in P w and ±4.8% error in P B result in a maximum error in C p value of roughly ±7% (equivalent to ±1% C p difference).
3.0
Experimental results
VAWT power coefficient (C p )
= 0.26 VAWT (Blade 1)
The determined C p versus for the VAWT based on Blade 1 (solidity of 0.26) at three wind speeds is presented in Figure 4 and shows the turbine performance varies considerably with changes in wind speed and . The VAWT generates a negative C p between = 1 and = 3.8 at the tested three wind speeds implying that the VAWT is absorbing rather than generating power in this region. At 6m/s and the lowest Reynolds number, the VAWT generated a negative C p at all the tested, while at 7m/s, positive C p is attained at = 4.3 and higher. Beyond = 3.8 at 8m/s, the VAWT attained positive C p and also recorded peak C p = 0.15 at the corresponding = 4.75. These results are entirely in line with earlier investigations at similar conditions. and lowest C p = -0.123 at = 2.5. As the wind speed is increased to 8m/s so is the Reynolds number and the C p is seen also to increase until the VAWT attained a peak value of C p = 0.34 at = 3.75, higher than the peak C p attained by the VAWT with Blade 1 (with its lower solidity). At this stage it should be re-iterated that there is a variation in Reynolds number between these tests at the same wind speeds, due to the difference in blade chords. The two performance regions (negative and positive C p regions) shown for both turbine configurations have previously been seen by and Danao et al. (2013) in their studies on a similar VAWT scale. They also show increases in C p with increase in wind speed and convergence of C p -curves at higher wind speeds, indicative of the influence of Reynolds number.
The negative C p region was also seen by Baker (1983) , Kirke (1998 ) and McIntosh (2009 ). Baker (1983 not only attributed the inability of the VAWT to self-start to the negative performance region, but called the negative C p region the dead band because power is being absorbed in the region. Also, it can be seen that the performance of the VAWT is dependent on , at the lower ≤ 2.75 the C p is clearly in the negative region and peak C p is attained at the medium , while C p is seen to drop off at the ≥ 3.λ5 irrespective of wind speed and chord length. The effects of solidity on VAWT performance by altering blade chord is discussed in the following section, section 3.3.
Effects of solidity on performance aerodynamics
Altering any of the three solidity dependent parameter, number of blades, chord length and rotor radius will influence the performance of a VAWT. For this study, the blade chord length was altered and, to eliminate the effects of Reynolds number, the resulting two VAWT configurations were compared at the same Reynolds number to clearly define the effects of solidity alone on VAWT performance. The Blade 1 based VAWT performance at 8m/s is compared to the performance of Blade 2 based VAWT at 6m/s wind speed (Table 3 and Figure 6 ), at the same Reynolds numbers at all the tip speed ratios. The trend of the C p -curves shown in Figure 6 is similar to the results of Templin (1λ74),
and Strickland (1975) in which the momentum models were used for their studies and revealed that;
the maximum peak power output remains broadly similar when turbine solidity is reduced and that a lower solidity can widen the C p -operating range of the VAWT. The results also bear close resemblance to the studies of Consul et al, (2009) and McIntosh, (2009) in which numerical models were used. The latter two studies revealed the shift of the entire C p -curve of the higher solidity VAWT to the left, hence attaining maximum C p at lower , while the smaller solidity VAWT attained maximum C p at higher . Although blade chord was altered in this study, similarities are observed in the solidity studies indicating that irrespective of the study method and parameter altered, the effects of solidity on VAWT performance are similar.
None of the previous studies investigated the aerodynamics around the VAWT blades. In this study the blade performance is linked to the aerodynamics of the flow field which helps, for the first time, to provide detailed understanding of why the performance changes between the two turbine solidities.
3.4.
Description of C p and flow fields, = 2.5
PIV measurements of the two VAWT configurations at = 2.5 are shown at a selection of azimuth positions (angles). For brevity, only the most important PIV measurements are discussed, and many others can be found in Eboibi (2013) . and TEV are generated along the suction and pressure sides of the blades, tip speed ratios and azimuth angles have influenced the development and shedding of stall vortices. All these observations conform to Fujisawa and Shibuya (2001) and Simao Fereira et al. (2009) studies. This study has also revealed that changes in VAWT's solidity due to changes in blade chord can significantly influence stall development, and the entire flow field around a VAWT's blades and ultimately the C p attained.
Conclusion
The effects of solidity have been shown by comparing the measured performance and flow field aerodynamics of two VAWTs with different solidities ( = 0.26 and 0.34) based on different rotor chord lengths, but at the same Reynolds numbers (ranging from 16,800 to 84,000). The higher solidity turbine has shown stepper and higher gradient C p -curve than that of the lower solidity turbine. In the negative performance region, the  = 0.26 VAWT has shown wider C p -curve and lower minimum C p while the  = 0.26 VAWT has a narrower C p -and higher minimum C p indicating that the self-starting capability of the VAWT can potentially be enhanced by the appropriate selection of VAWT solidity.
The higher solidity VAWT attained better overall C p than the lower solidity VAWT due to differences in the flow field aerodynamics around the VAWT blades. The blades of the two VAWT configurations have shown significant differences in the thickening of the boundary layer, developments and generation of LEV and TEV, shedding of stall vortices and reattachment of flow to the blades surfaces at = 2.5 and = 3. The earlier start of dynamic stall on the lower solidity VAWT has negative effects on the performance. Selecting appropriate VAWT solidity for a particular wind regime will improve the aerodynamics and energy yield of the VAWT. 
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